A model for spin-dependent tunneling in semiconductor heterostructures, which combines a multi-orbital empirical tight-binding approach with a Landauer-Büttiker formalism, is presented. Using this approach we explain several phenomena observed in modulated structures of (Ga,Mn)As, i.e., large values of the electron current spin polarization in magnetic EsakiZener diode and the high tunneling magnetoresistance ratio. Next, the relevance of this theory to assess the tunneling anisotropic magnetoresistance effect is studied. The results of applying the tight-binding model to describe the recently observed interlayer exchange coupling in (Ga,Mn)As-based superlattices are also shown.
Introduction
Gallium arsenide doped with manganese is a flag member of the group of semiconductors which at low temperatures exhibit ferromagnetism. These so-called diluted ferromagnetic semiconductors are mainly III-V compounds with part of the cations substituted by magnetic ions. Since the discovery of such materials at the 90-ties of previous century, the ferromagnetic p-type (Ga,Mn)As is by far the most studied and best understood -for (Ga,Mn)As also the highest temperature of the transition to the ferromagnetic phase (173 K) has been achieved [1] . (Ga,Mn)As owes his unique position to the ability to form high quality junctions with nonmagnetic GaAs or AlAs, due to similar crystal structure of these compounds. Intensive studies of such multilayers with modulated magnetization have proven that most of the phenomena essential for realizing functional spintronic devices can be observed also in these all-semiconductor heterostructures. These include first of all an efficient electrical injection of spin-polarized carriers -spin injection from p-(Ga,Mn)As into nonmagnetic semiconductor has been achieved (139) first for spin-polarized holes [2] , next a spin-polarized electron current was obtained via interband tunneling in a p-(Ga,Mn)As/n-GaAs Zener-Esaki light emitting diode (LED) [3] . Many other phenomena related to spin-dependent tunneling were observed in (Ga,Mn)As-based structures, e.g., the spin-dependent resonant tunneling [4] and the tunneling magnetoresistance (TMR) effect [5] [6] [7] [8] . Recently, it was also reported that the magnetoresistance of the (Ga,Mn)As-based tunnel junctions is very sensitive to the direction of applied magnetic field. This so-called tunnel anisotropic magnetoresistance (TAMR) effect was observed when the saturation magnetization direction was changed in-plane [9] [10] [11] as well as when it was turned perpendicular to the magnetic layer [11, 12] . It was also shown that the magnetization vectors of consecutive (Ga,Mn)As ferromagnetic layers separated by nonmagnetic spacers in a multilayer structure are correlated by an interlayer coupling [13] [14] [15] [16] [17] and structures exhibiting giant magnetoresistance (GMR) were obtained [14] .
In this paper we present a theory, which allows to describe the interlayer coupling between the (Ga,Mn)As layers as well as the spin-dependent transport in the above mentioned all-semiconductor tunnel junctions. In the diluted ferromagnetic semiconductor (Ga,Mn)As the ferromagnetism is hole-mediated and results from energy gain upon the redistribution between hole spin sub-bands [18] . Thus, the whole complexity of the (Ga,Mn)As valence bands resulting from strong spin-orbit interactions has to be taken into account in the calculations of the band spectrum of these multilayers. In our model a multi-orbital empirical tight-binding approach is used to describe correctly the band structure and energy spectrum in the studied multilayer systems. In contrast to the standard k · p method, this theory allows to describe properly the band dispersion in the entire Brillouin zone as well as the interfaces and inversion symmetry breaking. Within the tight-binding approach it is possible to take into account all the effects resulting from the electric field in the depletion zone of the junction, in particular the Rashba and Dresselhaus terms, which are very important for spin transport and spin tunneling. Due to strong spin-orbit mixing one can expect in (Ga,Mn)As-based structures the spin diffusion length to be shorter and comparable to the phase coherence length. This makes the models based on the diffusion equation, which describe well the spin tunneling phenomena in metallic junctions, non-applicable to the structures consisting of (Ga,Mn)As layers. Thus, to describe the spin-dependent tunneling in various (Ga,Mn)As-based semiconductor heterostructures with modulated magnetization we consider vertical spin coherent transport within the Landauer-Büttiker formalism.
Interlayer coupling and the tight-binding model
For magnetic metallic thin film structures it has been shown that the phenomenon, which leads to the giant magnetoresistance effect and many applications [19] , i.e., the interlayer exchange coupling (IEC) results from the spin dependent changes of the density of states due to the quantum interference of conduction electron waves [20] . It has been also proven that similar mechanism, however mediated by valence-band electrons, leads to long-range magnetic correlations also when there are no free carriers in the system [21] . The mediated by valence-band electrons IEC, i.e., superexchange-type interaction, has been shown to lead in all-semiconductor EuS-and EuTe-based superlattices to antiferromagnetic (AFM) correlations between successive magnetic layers [21] [22] [23] , in agreement with the experimental observations. In this tight-binding approach the interlayer coupling is determined by the difference ∆E between the total energies of valence electrons calculated for two superlattice configurations: with spins in consecutive magnetic layers aligned parallel and antiparallel. The preferred spin configuration is given by the sign of ∆E -the negative value corresponds to ferromagnetic (FM) IEC whereas the positive sign indicates an AFM correlation.
In contrast, in the (Ga,Mn)As-based semiconductor ferromagnetic/ nonmagnetic systems interlayer coupling of opposite FM sign was observedby magnetic measurements [13] [14] [15] , neutron diffraction [16] , and polarized neutron reflectometry [17] . These structures differ from the previously considered EuS-based ferromagnetic semiconductor multilayers by many aspects, which all can affect the IEC. Most importantly, (Ga,Mn)As is not a magnetic but diluted magnetic semiconductor -in this ternary alloy the ferromagnetism is carrier--induced [18] and requires a considerable amount of free holes in the (Ga,Mn)As valence band. Taking this into account, a model for IEC in (Ga,Mn)As/(Ga,Al)As superlattices, constructed in the spirit of Ref. [21] , has been proposed [24] .
In order to construct the empirical tight-binding Hamiltonian matrix for the (Ga,Mn)As/(Ga,Al)As superlattices one has to start from the description of the constituent materials. For the band structure of bulk GaAs and AlAs the sp 3 d 5 s * parameterization (20 orbitals for each anion and cation), with the spin-orbit coupling included, as proposed by Jancu et al. [25] has been used in [24] . The parameterization includes only the nearest neighbor (NN) interactions. Still, it reproduces correctly the obtained by empirically corrected pseudopotential method effective masses and the band structure of GaAs and AlAs in the whole Brillouin zone. The presence of Mn ions in (Ga,Mn)As is taken into account only by including the sp−d exchange interactions within the virtual crystal and mean-field approximations. The values of the exchange constants are determined by the experimentally obtained spin splittings: N 0 α = 0.2 eV of the conduction band and N 0 β = −1.2 eV of the valence band [26] . As the valence-band structure of (Ga,Mn)As with small fraction of Mn has been shown to be quite similar to that of GaAs [26] , the other parameters of the model for the (Ga,Mn)As material are taken to be the same as for GaAs. We construct the tight binding matrix for the superlattice taking for each two (cation + anion) monolayers of the structure the description of the corresponding bulk material. The NN interactions between GaAs or AlAs and (Ga,Mn)As are described by the same parameters as the interactions in bulk materials. Consequently, the valence band offset between (Ga,Mn)As and GaAs originates only from the spin splitting of the bands in (Ga,Mn)As. The Fermi energy in the constituent materials is determined by summing up the occupied states over the entire Brillouin zone. The number of occupied states is determined by the assumed carrier concentration in the material. Our calculations of the Fermi energy for various hole concentrations are consistent with the corresponding results presented in Ref. [18] .
The dependence of the calculated difference in the total valence electrons energy on the position of the Fermi level, i.e., the dependence of interlayer coupling constant J on the average concentration of holes p in the superlattice valence band, is presented in Fig. 1 . As shown in the figure, J has an oscillatory character, but in contrast to IEC mediated by the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction at the limit of a hypothetical (Ga,Mn)As/GaAs superlattice with completely filled valence bands (p = 0) J tends not to zero, but to a finite positive value, which corresponds to AFM IEC. The careful analysis of the dependence of the calculated IEC on hole concentration and the content of Mn ions in the magnetic (Ga,Mn)As layers as well as on the nonmagnetic spacer layers material and thickness [24] , shows that for the parameters of all studied experimentally structures our model leads indeed to FM IEC, as observed. Importantly, the presented in Fig. 1 results indicate also that in (Ga,Mn)As-based heterostructures the AFM coupling between FM layers could be achieved by an appropriate engineering of the multilayer structure and a proper choice of constituent materials. The model predicts that AFM IEC should be observed in superlattices in which the hole concentration is either increased (e.g., by appropriate annealing during the MBE growth) to about 6 × 10 20 cm −3 or kept as low as 1.5−2.5 × 10 20 cm −3 . It should be noted that in the former one can expect also high Curie temperature. The(Ga,Mn)As/(Al,Ga)As system is additionally interesting because here, due to high potential barriers in the nonmagnetic spacers, the carriers are confined in the DMS layers, which can result in strongly spin-polarized charge density.
Spin-dependent vertical coherent transport
To study the spin-dependent tunneling in the (Ga,Mn)As-based magnetic tunnel junctions, we consider a model heterostructure, which is uniform and infinite in the x and y directions and has modulated magnetization along the z direction. The heterostructure is connected to two semi-infinite bulk contacts denoted by L and R. The length of the simulated structure is comparable to the phase coherence length. In the presence of spin-orbit coupling the spin is not a good quantum number. The only preserved quantities in tunneling are the energy E and, due to spatial in-plane symmetry of our structures, the in-plane wave vector k . Our goal is to calculate the spin-dependent current, which is determined by the transmission probability from the ingoing Bloch state at the left contact to the outgoing Bloch state at the right contact. To compute all one electron states in the device for given k and E the above described tight-binding matrix is used. 
Scattering formalism and transfer coefficients
The current flowing in the right direction can now be written as [27] :
where f L or respectively f R are the electron Fermi distributions in the left and right interface and i, j number the corresponding Bloch states. Plugging in the expression given in Eq. (1) and using the time reversal symmetry
Let us define the spin polarization of the outgoing Bloch state as
where Ω is the magnetization direction vector and s is the spin operator. Then, we can define the total spin current
The spin polarization of the coherently transmitted current is now equal to
To calculate the current one has to determine the transmission probability, thus the transmission amplitude t L,k L,⊥,i →R,k R,⊥,j (E, k ) and the group velocities v L,⊥,j of the ingoing and v R,⊥,j of outgoing states. These can be obtained by solving the Schrödinger equation for the structure with the appropriate scattering boundary conditions, i.e., by following the method presented in Ref. [28] . We start with dividing the heterostructure into layers consisting of several atomic monolayers in such a way that the tight-binding elements are nonzero only between neighboring layers. The layers in the left lead are numbered s ≤ 0, the internal layers are numbered s = 1, . . . , N and the layers in the right lead are numbered s > N . As mentioned above, the tight-binding matrix is used to compute all one electron states in the device for given k and E. Let C s denote the coefficients of a given state expanded into the basis orbitals in the layer s. Thus, the Schrödinger equation implies the following conditions for the states in the s-th layer:
where H s,s and H s,s+1 are the intra-and interlayer tight-binding matrices. Moreover, for the leads we need to impose the Bloch condition on the incoming wave 
where r and t are the unknown coefficient of the scattered to the left and to the right wave. We compute the inverses D
L and divide them into blocks
The width and the height of the block (D −1 ) 1,1 is given by the number of states propagating to right. One can now rewrite the parts of (10) and (11) 
Equations (8), (13), and (14) build a full system of linear equation for C σ . After solving it we determine the coefficients t and r with
The procedure allows also to determine the needed group velocity, which is given by
Spin-dependent Zener tunneling
The model described above has been constructed to explain the very high ≈ 80% spin polarization of the injected electron current in a Zener-Esaki (LED), observed by Van Dorpe et al. [3] . By this approach the whole LED structure from Ref. [3] cannot be considered. Thus, in the calculation of the spin polarization of the interband Zener tunneling current, presented in Ref. [29] , we have concentrated only on the description of the (Ga,Mn)As/GaAs interface, however, using the interface band profiles obtained by the self-consistent k ·p simulations of the entire device. In particular, the self-consistently calculated electrostatic potential which describes the band bending for the voltage when the interband tunneling process starts (V 0 = 1.81 V), is the basis for the potential profile that is incorporated into tight-binding matrix. An additional linear potential drop ∆V across the Zener diode has been assumed, when the bias on the whole spin-LED is changed. Figure 2 shows the calculated spin polarization of the electron current P j as a function of the bias ∆V in the Zener-Esaki tunneling diode. We see that at low bias, P j is of the order of 0.6 and decreases rapidly with the applied bias, in good agreement with the experimental results. The direct comparison of the strong dependence of P j on bias with the experimental results in [3] is hampered by the fact that the relation between ∆V and the total bias V applied to the device is known only from simulations. However, recent experiments of Kohda et al. [30] performed in a three-contact configuration, which allows to determine the potential drop on the tunnel junction alone, fully confirm the presented in Fig. 2 results.
The magnetism in the epitaxially grown layers of (Ga,Mn)As depends strongly on both hole and manganese concentrations. It is thus obvious that also the degree of spin polarization of the tunneling current should depend crucially on these intrinsic features of (Ga,Mn)As layers. Indeed, it was shown in Ref. [31] that a higher content of magnetic ions x in Ga 1−x Mn x As should increase the spin polarization of the tunneling current. In contrast, an opposite change was obtained when the hole concentration was increased. Our calculations predict also a small, about 6%, anisotropy of the spin polarization of the Zener tunneling current that reflects the symmetry of the (Ga,Mn)As/GaAs interface, in which the [29] .
Finally, we have studied the anisotropy in the interband tunneling current, to assess the phenomenon discovered recently in p-n junctions with (Ga,Mn)As ferromagnetic layer and called TAMR. TAMR effect is a change in the resistance of the tunnel junction when the applied magnetic field is rotated, both in-plane [9] and out-of-plane [12] . A detailed description of our study of the in-plane and perpendicular TAMR in the p-(Ga,Mn)As/n-GaAs junction is given in Ref. [32] . Here we would like only to mention that in our model the magnitude of the Zener tunneling current, like its spin polarization described above, differs for the [110] and [110] directions. Such in-plane TAMR, obtained even without any distortion, depends on the hole concentration in the (Ga,Mn)As layer. Although the obtained magnitude of the in-plane TAMR effect agrees with the observation in Ref. [9] , it should be emphasized that in the experiment another (Ga,Mn)As/AlO x /Au tunnel junction was measured and the change of the tunneling resistance was observed between different, [100] and [010], directions. In contrast, for the rotation of the magnetization vector between perpendicular to the plane and in-plane directions, i.e., for the perpendicular TAMR, the calculated differences in tunneling current for both, forward as well as reverse bias, agree very well with the observed in Ref. [12] .
Tunneling magnetoresistance
We have also applied our theory of spin dependent coherent tunneling to a typical TMR device, i.e., to trilayer structure with magnetic p-type Ga x Mn 1−x As leads separated by a nonmagnetic GaAs spacer. In such structures strong TMR effect, i.e., large difference in the resistance of the device for two configurations, with parallel (FM) and the antiparallel (AFM) alignments of the magnetizations in the leads, has been observed [5, 7, 8] . The calculated within our model TMR ratio increases with the content of magnetic ions -with this dependence the TMR values observed for different samples in the above mentioned experiments can be explained [31] . Similarly to the spin polarization of the tunneling current in the Zener-Esaki diode, the observed TMR shows a rapid decay with the increase in applied bias. Our calculations reproduce such decay, as shown in Fig. 3 . Fig. 3 . The calculated bias dependence of the TMR effect in p-Ga1−xMnxAs/ (GaAs) 4 /p-Ga 1−x Mn x As trilayer with the spacer of d = 4 monolayers for different hole concentrations p and Mn ions content x = 0.08. After Ref. [32] . Figure 3 shows that TMR ratio and its decay with applied voltage depend strongly on the hole concentration in the magnetic layers. However, the hole concentration does not influence very much the bias where the TMR reaches zero -this voltage corresponds to the barrier height between Ga 0.92 Mn 0.08 As and GaAs. These results suggest that the TMR and its decrease with the applied bias result predominantly from the band structure effects and can be controlled by appropriate engineering of the band offsets in the heterostructure, in particular by the content of magnetic ions in the (Ga,Mn)As layer and a proper choice of the nonmagnetic spacer. The calculated dependence of TMR on the direction of the magnetization vector is shown in Fig. 4 . One can observe that for TMR only the [100] and [110] magnetization directions are not equivalent and the D 2d symmetry of the zinc-blende crystal structure is with high accuracy recovered. We recall that the calculated in the previous section anisotropy of the spin polarization of the electron tunneling current in the Esaki-Zener diode reflects the C 2v symmetry of a single zinc-blende interface. For the TMR ratio the symmetry is different because here two such interfaces contribute.
As shown in Fig. 4 , also the in-plane anisotropy of TMR depends crucially on the concentration of holes in the magnetic layer. For hole concentrations p in the range of 10 20 cm −3 the obtained anisotropy of TMR is below 10%, however, for low concentrations, p = 10 19 cm −3 it becomes as strong as 250%. Yet, it should be stressed that for such low concentrations hole localization effects, not taken into account in our theory, can be important. Moreover, as it has been shown in [32] , the anisotropy of TMR results from the anisotropy of the current in the AFM configuration. Thus, our model does not explain the TAMR effect, which consists of a strong dependence of tunneling current on the direction magnetization in the TMR junctions in the FM configuration, as reported for some structures [10, 11] .
Summary
A tight-binding approach is presented, which takes into account the relevant features of the band structure of the (Ga,Mn)As-based multilayers. By combining this tight-binding model with the Landauer-Bütikker formalism, we have developed a theory of spin-dependent quantum transport for spatially modulated structures of hole-controlled diluted ferromagnetic semiconductors. The model disregards disorder effects, so that it is applicable to the carrier density range and length scales, where localization effects are unimportant. The results presented in this and our previous papers demonstrate that the observed experimentally important effects, such as interlayer coupling, large magnitudes of both spin polarization of the tunneling current in the Zener-Esaki diodes and TMR ratio in trilayer structures can be understood within the proposed model. The theory has been used not only to model the observed effects but also to predict conditions to optimize the design of (Ga,Mn)As-based devices.
